expressed in HEK293 cells. In vitro stimulation of PBMCs with Ad5F35-AD-1 showed the highly efficient expression of AD-1 and low cytopathic activity in PBMCs. Conclusion: The novel vaccine Ad5F35-AD-1 is a promising candidate for clinical trials and may be of utility in prime-boost strategies for HCMV prevention and control.
Human cytomegalovirus (HCMV) is a member of the herpesvirus family. The virus is a major cause of morbidity and mortality in congenitally infected infants and in recipients of hematopoietic stem cells and solid organ transplants [1] [2] [3] . Although antiviral drugs have reduced the risk of HCMV disease in transplant recipients, these are associated with potentially serious side effects and do not prevent late-onset HCMV disease [4] . They are also of only limited utility in congenital HCMV disease. An effective HCMV vaccine to prevent or reduce HCMV-associated disease is a high priority.
Early studies indicated that HCMV glycoprotein B (gB) is the major target of the neutralizing antibodies induced by naturally acquired HCMV infection [5] . Accordingly, many attempts have been made to develop a subunit vaccine based on gB. Vaccines expressing recombinant gB protein from plasmid DNA or from recombinant vaccinia (modified virus Ankara) have been investigated in animal models [6] [7] [8] . Safety and moderate immunogenicity have been demonstrated with these vaccines, but no licensed HCMV vaccine has yet been made available.
Epitopes in gB, particularly the antigenic domain-1 (AD-1), have proved to be important for the induction of virus-neutralizing humoral immunity. Clonal diversification due to somatic mutation is thought to account for the broad spectrum of antibody antiviral activity generated following immunization [9] . Furthermore, a plasmid expressing truncated and secreted forms of gB induced higher levels of HCMV-neutralizing antibody in mice and was more immunogenic than plasmids expressing full-length gB [8, 10] . These findings have implications for the development of a subunit vaccine based on AD-1.
The modified adenoviral vector Ad5F35, which is a fiber-substituted Ad5 vector containing Ad35 fiber proteins, possesses more expanded tropism and larger foreign DNA package ability than the conventional Ad5 vectors without affecting the viral growth rate and titer [11] . It exhibits a high transduction efficiency in human hematopoietic progenitors, dendritic cells, and mesenchymal stem cells with the minimum cytotoxic effect [12, 13] . It is able to transduce cells via cellular receptor human CD46 [14] . The vector has a high safety margin due to its inability to replicate in human cells, and has been approved for human testing by the US Food and Drug Administration. The safety and efficacy of Ad5F35 make it an ideal live viral vector for the construction of an HCMV vaccine. We have used this expression system to direct the expression of the highly conserved conformational epitope AD-1 from gB protein of HCMV. We report that the adenovirus-based vaccine replicates to high titer, efficiently infects human peripheral blood mononuclear cells (PBMCs), and can induce a potent lymphoproliferative response.
Materials and Methods
Culture of Cells and HCMV Virus HEK293 cells were obtained from the Chinese Academy of Medical Sciences Cancer Institute and Hospital (CICAMS) after approximate 29 passages. These were grown in DMEM/high glucose medium (Hyclone) supplemented with 100 units/ml penicillin G sodium, 100 g/ml streptomycin, 4 mM L -glutamine and 10% fetal bovine serum (Hyclone). PBMCs were obtained by Ficoll-Hypaque gradient centrifugation (Pharmacia, Uppsala, Sweden) from heparinized peripheral blood of healthy donors after informed consent. The HCMV experimental strain AD169 was provided by Cecilia Söderberg-Naucler, Karolinska Institute, Stockholm, Sweden, and was cultured on fibroblasts.
Preparation of the Ad5F35-AD-1 Vaccine
The design and construction of a recombinant adenovirus vaccine expressing the AD-1 epitope of HCMV is shown in figure 1 . Genomic DNA of the HCMV experimental strain AD169 was extracted using the Qiangen viral DNA extraction kit according to the manufacturer's instructions. The AD-1 gene was amplified from AD169 genomic DNA by polymerase chain reaction (PCR) with the following oligonucleotide primer pair: 5 -ATTG GGT ACC GCC ACC ATG ACC ATC AAC CAA ACC AGC GT-3 and 5 -GCGA CTT AAG TCA ATG GTG ATG GTG ATG ATG CAT GCG TTT GAA GAG GTA G-3 ; the forward primer incorporates a Kpn I site and a Kozak translation initiation sequence upstream of the start codon; the reverse primer introduces a hexahistidine tag and an Afl II site. The AD-1 amplicon was ligated between the Kpn I and Afl II sites of shuttle plasmid pHMCMV5 (kindly provided by Hiroyuki Mizuguchi); the ligation mixture was transformed into DH5 ␣ cells and selected by plating on LB agar/Kan plates (30 g/ml kanamycin). pHMCMV5-AD-1 was identified by restriction analysis and DNA sequencing.
The expression cassette, comprising the CMV promoter, AD-1 and an SV40 polyA signal, was excised from the shuttle plasmid pHMCMV5-AD-1 with I-Ceu I and PI-Sce I and ligated into the E1/E3-deleted adenoviral backbone vector pAd5F35 (kindly provided by Hiroyuki Mizuguchi) cleaved with the same enzymes. The ligation mixture was treated with Swa I to linearize non-recombinant pAd5F35 and selected on LB agar/Amp plates (125 g/ ml ampicillin). The presence of the expression cassette was verified by digestion with Xho I and by double-digestion with I-Ceu I and PI-Sce I. The resulting plasmids were also sequenced to confirm insertion of AD-1.
pAd5F35-AD-1 was linearized with Pac I and transfected into HEK293 cells using lipofectamine TM 2000 (Invitrogen) according to the manufacturer's instructions; pAd5F35-GFP was used as a control. Transfected HEK293 cells (HEK293-AD-1 or HEK293-GFP) were incubated at 37 ° for 7-10 days until a maximal virus cytopathic effect was observed, and then were lysed by 3 freezethaw cycles. The cell lysate containing recombinant virus was added to 1.5 ! 10 7 of preseeded confluent HEK293 cells at an MOI of 5. All subsequent infections in the amplification were performed in the same manner with identical MOIs until the 5th passage. The Ad5F35-AD-1 vaccine was purified by two rounds of CsCl density gradient ultracentrifugation. The titer of the large-scale Ad5F35-AD-1 virus preparation was established by plaque assay using HEK293 cells according to the protocol provided by Benyuanzhengyang Co. Ltd. (Beijing, PR China).
DNA was extracted from purified Ad5F35-AD-1 virions using a standard SDS-proteinase K lysis method. One microgram of the DNA sample was used to PCR amplify the AD-1 gene using primers described previously; PCR products were run on a 1.2% agarose gel.
AD-1 Expression in AD-1-Transfected HEK293 Cells
Total RNA from HEK293-AD-1 cells was isolated using the Trizol total RNA Isolation Reagent (Sangon, Shanghai, PR China) according to the manufacturer's instructions. One microgram of the RNA sample was used to prepare cDNA according to the protocol of the reverse transcription kit (Takara, Dalian, PR China). PCR was used to amplify the AD-1 gene and ␤ -actin in a GeneAmp PCR system 2400 thermocycler (Perkin Elmer, Norwalk, Conn., USA). The amplified fragments were analyzed by electrophoresis on a 1.2% agarose gel.
To confirm AD-1 protein expression, Western blot analysis was conducted. HEK293-AD-1 cells were harvested 2 days after infection; HEK293-GFP and parental HEK293 cells served as negative controls. Cells were lysed, proteins collected using a RIPA Protein Extract Kit, and these were separated by 12% SDS-PAGE. After transfer to nitrocellulose the membranes were blocked (PBS containing 0.1% Tween-20 and 5% milk powder, 1 h, room temperature) and incubated with primary rabbit polyclonal antibody to the 6 ! His tag antibody (Abcam), 1: 1,000, overnight at 4 °. Membranes were then washed 3 times with PBST (PBS containing 0.1% (v/v) Tween-20) and incubated with goat anti-rabbit IgG conjugated to horseradish peroxidase (GenScript Corporation) at 1: 5,000 dilution in PBST for 1 h at room temperature. After washing extensively, the membranes were developed using an ECL Plus Western Blotting Detection System (GE Healthcare) and exposed to Kodak BioMax film. The gB AD-1 DNA sequence was amplified from the genome of HCMV AD169 by PCR, introducing a Kpn I restriction site, a translation initiation (Kozak) sequence, a methionine start codon, the conserved epitope AD-1, a hexahistidine tag and an Afl II restriction site. The amplicon was first cloned into shuttle plasmid pHMCMV5. The AD-1 expression cassette was then excised from pHMC-MV5 and ligated into the pAd5F35 expression vector. The recombinant was packaged into infectious adenovirus by transfection of HEK293 cells, generating chimeric adenovirus Ad5F35-AD-1.
In vitro Stimulation of PBMCs by Ad5F35-AD-1 Adenovirus Vaccine
PBMCs obtained from healthy blood donors were cultured in 6-well plates (2 ! 10 6 cells/well) in complete medium (RPMI 1640 supplemented with 10% fetal calf serum, FCS). Cells were infected with Ad5F35-GFP or Ad5F35-AD-1 at different MOIs (from 10 2 to 10 4 VP per cell) in RPMI 1640, 2% FCS. Six hours after infection, the cells were washed and resuspended into fresh complete medium. On days 1, 2, 6, and 10 after infection, transgene expression was analyzed by immunocytochemistry and cell viability was determined by trypan blue staining.
Expression of AD-1 in PBMCs Infected with Ad5F35-AD-1
Infected and non-infected PBMCs were placed on glass slides and fixed with 4% paraformaldehyde for 30 min at room temperature. Nonspecific antibody sites and Fc receptors were blocked with 10% normal goat serum for 30 min. The cells were then incubated with the 6 ! His tag antibody, 1: 1,000, overnight at 4 °. Slides were washed 3 times with PBS and then incubated with goat anti-rabbit peroxidase-labelled secondary antibody for 10 min at 37 °. All slides were processed by the SP method (Zhongshan Co. Ltd, Beijing, PR China) for 30 min at room temperature. Following staining with diaminobenzidone, slides were visualized using an Olympus-BX51 microscope. Nonspecific anti-IgG antibody was used as a negative control. 
Results

Construction and Characterization of the Recombinant Adenovirus Vector pAd5F35-AD-1
The AD-1-coding sequence was amplified from genomic DNA of HCMV strain AD169, sequenced, and cloned into the shuttle plasmid pHMCMV5. Double digestion of pHMCMV5-AD-1 with Kpn I/ Afl I or I-Ceu I/ PI-Sce I produced fragments of the expected sizes (0.3 + 4.1 or 1.4 + 3.0 kb, respectively), confirming the construction of pHMCMV5-AD-1 ( fig. 2 A, B) .
The 1,140-bp AD-1 expression cassette from pHMC-MV5-AD-1 was then cloned into the pAd5F35 expression vector by in vitro ligation to produce pAd5F35-AD-1. Digestion of pAd5F35-AD-1 with Xho I generated 7 fragments of the expected sizes (14.5, 8.0, 3.9, 3.1, 2.5, 1.4 and 0.6 kb; fig. 2 C) . Double digestion of pAd5F35-AD-1 with I-Ceu I/PI-Sce I also produced the two expected fragments (1.4 and 32 kb; fig. 2 D) . Correct insertion of the AD-1 gene was further confirmed by DNA sequencing.
Production of the Ad5F35-AD-1 Recombinant Adenovirus Vaccine
The recombinant pAd5F35-AD-1 vector and a control construct pAd5F35-GFP were both packaged in HEK293 cells; emerging recombinant adenoviruses Ad5F35-AD-1 and Ad5F35-GFP were cultivated. In both cases a normal cytopathic effect was observed. Efficient expression of green fluorescent protein (GFP) was observed 2 days after infection ( fig. 3 ). Recombinant adenovirus was harvested from the transfected cells; the Ad5F35-AD-1 titer was 2.5 ! 10 9 PFU as determined by plaque assay on HEK293 cells. PCR and gel electrophoresis revealed the anticipated AD-1 amplification product (302 bp) confirming the inclusion of AD-1-coding sequences into recombinant adenovirus virions. mated molecular mass 30 kDa) [15] . The apparent size on gel electrophoresis, slightly larger than the predicted 30 kD, may result from post-translational modification such as glycosylation which increases the size of the protein.
Expression of AD-1 in HEK293 Cells
This result indicates that deletion of the gB membranespanning domain and cytoplasmic tail does not alter the presentation of the AD-1 antigenic epitope.
Transfection and Expression of AD-1 in PBMCs
PBMCs were analyzed by immunocytochemistry using an antibody directed against the 6 ! His tag on days 1, 2, and 6 after infection. Strong expression of AD-1 antigen was recorded in cells infected with Ad5F35-AD-1; no expression was detected in control cells or in PBMCs infected with Ad5F35-GFP. The peripheral (circular) pattern of staining indicates that AD-1 antigen localizes to the membrane of infected cells ( fig. 4 C, D) . Expression of AD-1 was time-dependent; the strongest expression was observed on day 6. Ad5F35-AD-1 had little detectable cytopathic activity on these cells. Viability was measured by trypan blue staining on days 1, 6, and 10 after infection; this failed to show any adverse effects of Ad5F35-AD-1 infection, with 90% of cells retaining viability. These results demonstrate that the AD-1 epitope can be efficiently presented by PBMCs. 
Discussion
HCMV is a significant cause of human disease and methods to limit infection remain a high research priority. The present study describes a rational strategy for the construction of a recombinant HCMV vaccine based on the conserved AD-1 domain of glycoprotein gB. We successfully generated a recombinant adenovirus, Ad5F35-AD-1, that directs high-level expression of the conserved HCMV conformational epitope AD-1 under the control of the CMV promoter. We report that Ad5F35-AD-1 is stable and replicates to high titer in HEK293 cells. Ad5F35-AD-1 also efficiently infected human PBMCs and directed high-level expression of AD-1 protein that localized to the membrane of infected cells.
In the development of a new HCMV vaccine it is important that the vaccine has high immunogenicity, low production cost, and low pathogenicity. Replication-defective Ad5F35 is one of the most promising vectors for HCMV vaccine development. The Ad5F35 vector contains a chimeric fiber gene encoding the fiber tail of Ad5 in combination with the fiber shaft and knob domains of Ad35. The hybrid virus replicates to titer in permissive tissue culture cells. Cell entry of Ad5F35 is thought to be mediated by CD46, a receptor expressed on most human cells [16] . Liver tropism and hepatoxicity are significantly lower for Ad5F35 than for Ad5 [17] . Importantly, Ad5F35 infection does not induce acute responses or the production of proinflammatory cytokines.
Ad5F35 has been used as a vaccine delivery vehicle in other infectious disease models including hepatitis C [18] and HIV [19] , where potent transgene product-specific antibody and T-cell responses were reported. The vector is also being exploited in cancer immunotherapy [20, 21] . In terms of efficacy, Ad5F35 appears to be more effective than other comparable vectors for recombinant protein expression in hematopoietic cells [12] . Our study has shown that Ad5F35-AD-1 efficiently infects freshly isolated PBMCs and directs high-level expression of the AD-1 epitope in these cells. The AD-1 polypeptide was correctly targeted to the cell membrane and expression increased over 6 days after infection. Cell viability was minimally affected by Ad5F35-AD-1 infection, and regardless of the multiplicity of infection. Furthermore, the Ad5F35-AD-1 recombinant elicited a potent lymphoproliferative response without affecting the viability of the PBMCs up to 10 days after infection.
An adenovirus-based system expressing a conformational epitope has a further advantage over traditional systems based on the expression of full-length antigens.
The truncated and secreted form of HCMV gB was reported to be more immunogenic in animals and humans than full-length gB, inducing significantly higher levels of virus-neutralizing antibodies than the full-length polypeptide [7, 8] . Single epitope-based DNA vaccines can elicit specific immune responses against T-or B-cell epitopes in mice [22] . In addition, a vaccine based on a single epitope vaccine may avoid the problems of inaccurate cleavage and conformational presentation sometimes seen in vaccines encoding multiple epitopes. Expression of a single conformational epitope AD-1 may therefore improve immunogenicity. Experiments are underway to evaluate antigen-specific antibodies induction by Ad5F35-AD-1 in hu-SCID mice (data not shown).
In a clinical setting a severe problem is encountered in the case of women already seropositive for HCMV. During pregnancy such women are susceptible to re-infection with new HMCV strains, and this secondary infection can lead to symptomatic disease in the neonate [23] . Regarding vaccine development, it is possible that antibodies elicited by one vaccine type might fail to cross-neutralize different clinical isolates of HCMV. However, this may not be a major concern because sera from subjects vaccinated against gB/MF59 display broad cross-neutralization activity against diverse HCMV strains [7] . The AD-1 epitope is particularly well-conserved between different strains of HCMV. This may reflect the essential role it plays in gB folding and virus assembly. Indeed, AD-1 epitopes from different clinical isolates of HCMV exhibit little sequence variation [15] . Analysis of multiple clinical HCMV isolates with a panel of AD-1 monoclonal antibodies has revealed conservation of the AD-1 antigenic epitope and antibody binding site in all tested HCMV isolates [24, 25] . Expression of the conserved AD-1 epitope from Ad5F35 is therefore expected to elicit neutralizing immune responses against diverse strains of HCMV.
In conclusion, we have developed a recombinant vaccine against HCMV in which the conserved AD-1 conformational epitope of HCMV gB protein is expressed from the adenovirus vector Ad5F35. The recombinant vaccine efficiently infects human PBMCs without affecting their viability. The vaccine may be a promising candidate for clinical trials and in prime-boost strategies in combination with other HCMV vaccine formulations.
